Path integral Monte Carlo simulation of the absorption spectra of an Al atom embedded in helium J. Chem. Phys. 123, 134319 (2005) Helium clusters doped with electronically excited atomic and molecular helium anions He * − and He * − 2 at T = 0.4 K are studied by means of path integral Monte Carlo calculations. Geometry and energetics of the systems with up to 32 solvating He atoms are characterised. The interactions between the anions and the neutral He atoms have been described by fitting previously reported ab initio points to analytical expressions. The He N -He * − clusters with N > 6 display a structure defined by a bipyramid which completely solvates the atomic anion, whereas the rest of surrounding He atoms form a dimple around that initial cage. On the contrary, the structures observed for the He N -He * − 2 clusters clearly show the dopant located outside the helium droplet, thereby confirming the heliophobic character of He * − 2 . C 2015 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Among the most commonly investigated species embedded in helium droplets at low temperatures, charged atomic and molecular systems have received attention over the past years. In particular, besides the attachment of free electrons into large clusters, atomic and molecular He anions have been found to play a relevant role as charge carriers within this superfluid-like medium. Indications regarding the formation of negative He ions were inferred from the resonance-like profiles of the signal registered in crossed beam scattering experiments with supercritical liquid free jet expansions. 1 The excitation to metastable electronic states of the helium clusters was taken as the main mechanism producing He anions instead of direct interaction of electrons with the neutral He droplet. [1] [2] [3] In fact it is now well accepted that the process which leads to the formation of atomic helium anions is the result of a two-step reaction. First, the electron penetrating inside the helium droplet excites a He atom from the ground electronic state He(1s 2 1 S) to its first excited state He(1s2s 3 P), namely, He * . The initial kinetic energy of the electron, ∼22 eV, accounts both for the required penetration energy (1.2 eV) 4 and the excitation energy to obtain He * (19.8 eV) . Both the resulting zero kinetic energy electron and the excited He * lie in separate bubbles within the helium environment 2, [5] [6] [7] and finally combine to form He (1s2s2p 4 P) He * − , a fast ion which was initially observed in bulk helium as reported in Ref. 8 .
The precise pathway which leads to the formation of the molecular anion He 2 (1σ 2 g 1σ u 2σ g 1 π 4 4 Π g ), hereafter He * − 2 , is however still subject of discussion. The process is not result of the dimerization of a He ground state atom and He * or He * − due to the presence of barriers which cannot be overcome at the low temperature of the helium droplets. The only two excited states of He capable to conduct a barrier-free dimerization with a a) Electronic mail: t.gonzalez.lezana@csic.es ground state He are He(1s2p 3 P) and He(1s3p 3 P). 2 The above mentioned electron energy required to penetrate the helium droplet summed to the corresponding excitation energies lead to estimates for the formation energy of He * − 2 of 22.1 eV and 24.2 eV, respectively. 2, 3 Both species He * − and He * − 2 show different behaviour once they become embedded in the droplet. On one hand, the atomic anion is highly mobile through the surrounding helium environment and has been suggested as the effective charge carrier in the formation of anions inside helium droplets instead of the previously assumed possibility of an electron bubble migrating to the dopant. 9, 10 He * − is also heliophilic since the process of surrounding the atomic anion with ground state He atoms is almost 3 times more favourable than the formation of a repulsive void around it. 2 The trend is completely the opposite for He * − 2 which is supposed to migrate to the surface of the helium droplet.
In addition to previous theoretical studies on the metastable states of both atomic and diatomic helium, 11 the interaction of He * − and He * − 2 with He atoms has been recently investigated by means of quantum mechanical (QM) calculations of the coupled cluster with single, double and (perturbative) triple excitations CCSD(T) type. 5 Ab initio energies for the He( 1 S)-He * − ( 4 P) and He( 1 S)-He * − 2 ( 4 Σ g ) interactions were calculated for different interparticle distances and angular orientations. The effect of the two anionic species on the helium environment and on immersed species was analysed by means of different structural and energetic quantities. The authors of Ref. 5 confirmed the main role played by He * − , which remains inside the droplet, in the ionization of impurities embedded in the helium cluster and the difficulties for He * − 2 to interact with the dopant. In this paper, we address the study of helium droplets He N doped with the above mentioned anionic helium species with N ranging between 1 and 32 at T = 0.4 K by means of path integral Monte Carlo (PIMC) calculations. The differences in impurities, described via the analytical fitting of the ab initio points of Ref. 5 , is expected to play a role in the structure and energetics of the doped helium aggregates. In a similar manner as in previous investigations on He N -Ca, 12 He N -Cs 2 13 or He N -Rb 2 , 14,15 the study of small and intermediate clusters provides useful insights regarding the intrinsic features of the interaction between dopant and solvent in larger droplets or bulk helium. The geometry and energetics of the clusters have been analyzed in terms of the number of the He atoms by means of the PIMC approach. This paper is structured as follows: In Sec. II, we present the theory of the method and describe the potential energy surface (PES) employed in the calculation; in Sec. III, results are shown and discussed in Sec. IV. Finally, conclusions are presented in Sec. V.
II. THEORY

A. Path integral Monte Carlo method
A full description about the PIMC method can be found in previous works, 14, [16] [17] [18] so here we will only refer to the most relevant details. According to this approach, the thermal average of a quantum observableÂ is obtained aŝ
where the density matrix at a temperature T, defined as ρ(R, R ′ ; β) = ⟨R ′ |e −βĤ |R⟩, can be replaced by the product of M density matrices at a higher-temperature T ′ = T × M as follows:
In Eq. (1), Z is the partition function and β = 1/k B T. We have defined the discrete-time path as τ = β/M, the time step of the path integral. R k corresponds to the position vectors of the N particles of the system:
In the case of He N -He * − , N includes the N He atoms plus the atomic anion impurity, but for the diatomic anion, the impurity has been considered as fixed at the origin.
In order to take into account the bosonic character of the 4 He atom, the density matrix is symmetrized by summing over all permutations P of the particle labels
The sampling procedure for the multislice many-particle movements is the multilevel Metropolis method, 16, 19, 20 with 8 beads involved in each Monte Carlo (MC) step. Analogously, up to 4 He atoms are allowed to take part in the exchange permutation sampling, a value tested for both pure and doped helium clusters. 16, 21 The total HamiltonianĤ is written as follows:
whereT X is the kinetic operator for the impurity X (taken as zero for the case of the non-moving He * − 2 case); m He is the helium atom mass; r i is the position vector of the ith He atom with respect to the dopant, or in case of a molecular species, with respect to its center of mass (CM), and r i j =| r i − r j | are helium-helium distances.
For the PIMC calculation, we have chosen the so-called thermodynamic estimator developed by Baker, 22 expressed as
where ⟨⟩ means averaging over the MC steps, and for the definition of λ = 2 /2m He , we have considered that the mass is the same for both dopant and solvent, since this term vanishes for the case of the diatomic anion. The first term refers to the classical kinetic energy multiplied by the number of beads M and vanishes in the case of the molecular impurity. The second term accounts for the QM energy due to the spring-like interaction assumed between consecutive beads in the same ring describing a specific particle. This contribution becomes zero for the dopant assumed as fixed to the origin. The last sum contains the potential energy as specified in the last two terms of Eq. (4).
The low temperature considered in the calculations, T = 0.4 K, should not induce too much thermal excitation to the movement of the atoms constituting the cluster. Therefore, no confinement has been imposed to prevent any possible evaporation from the droplet. The number of beads M considered in the PIMC calculation varies between 50 and 500. In some cases, we will consider a classical version of this approach for M = 1, hereafter referred as classical MC (CMC). The average energy for each He N X system considered here is finally obtained by extrapolating τ to 0 (that is, M to ∞) following a parabolic law. 13, 23, 24 The initial configurations of the PIMC simulations are taken from the geometries obtained by means of the CMC calculation. These, in turn, are the result of optimizations from the structures obtained from the exploration of the PES in search for the absolute minima performed with an evolutive algorithm (EA). 25 The calculations involve between 10 6 and 10 8 MC steps depending on the size of the cluster under study.
As in previous works on doped helium clusters, 13 information regarding the structure and geometry of the corresponding clusters can also be obtained by means of the radial probability density function for the He-He distance and for the distance between the He and the dopant impurity as follows:
Analogously, the angular distribution for cos γ, with γ the angle formed between two He position vectors r k i and r k j , is calculated as
and, in the case of a diatomic impurity, such as He * − 2 , the distribution corresponding to cos θ, with θ describing the angle formed between the position vector of one He atom, r k i , and the diatom axis, can be written as
B. Interaction potentials
As expressed in Eq. (4), the total potential is written as the sum of the corresponding pairwise He-He and He-anion interactions. The V He−He (r i j ) interaction was described using the potential by Aziz and Slaman 26 with a well depth of ∼7.59 cm −1 and a equilibrium distance of ∼2.97 Å. For the potential between the helium atoms and the corresponding impurity, either the atomic anion, He * − , or the diatomic anion, He * − 2 , numerical fits to the values reported in the QM CCSD(T) study of Ref. 5 were employed.
In particular, for the V He−He * − case, the ab initio points reported by Huber and Mauracher 5 described four different regions. As shown in Fig. 1 , there is a deep potential well of about ∼17 000 cm −1 at r = 1.06 Å (region I), followed by a barrier with a maximum value located around ∼2.2 Å (region II) which leads to a extremely shallow well (about ∼3.8 cm −1 ) at r ∼ 7 Å (region III). Finally, region IV corresponds to the asymptotic behaviour which may be simulated by means of the corresponding ion-induced dipole interaction. The analytical expression for the complete fit of the ab initio points was thus the following:
where c 4 = −13 683.2521 Å −4 cm −1 and
where
with
In the above equations (10)- (13), we have defined
with values for the corresponding parameters given in Table I . The root-mean-square (rms) for the fit of the ab initio points to the analytical expression (10) is 10 cm −1 . Most of this deviation comes from the region I of the potential at both the repulsive component at very short He-impurity distances (where the ab initio points can range between 30 000 and 80 000 cm ) and the minimum of the deep potential well (≈−17 000 cm −1 ), with specific values for the rms of up to 41 cm −1 . At the other regions, the situation becomes much less dramatic with a noticeable reduction of the deviation between the fit and the actual calculated points of less than 1.1 cm −1 . (10)- (15) . (r, cosθ) potential describing the interaction between the diatomic anion impurity He * − 2 and the He atoms. See text for details. The interaction potential between the He atoms and the diatomic anion He * − 2 depends in turn both on the distance r He−Imp and on the angle θ formed between the position vector of the He atom and the bond direction within the He * − 2 impurity
with a cutoff value of r 0 = 6 Å and where
where C 4 = 11 363.2878 Å −4 cm −1 . Table II shows the values of the corresponding parameters in the expansion of Eq. (17) . The interparticle distance within the He * − 2 unit is taken as the corresponding to the minimum of the He-He * potential, ∼1.2 Å (see Fig. 1 ). 
III. RESULTS
The PIMC calculations performed at T = 0.4 K for the He N -He * − and He N -He * − 2 clusters are presented separately in Secs. III A and III B, respectively. The geometries obtained with the EA for the He N -He * − clusters, with N = 2-8 are shown in Fig. 3 . The He atoms place themselves surrounding the impurity, which ends up completely solvated in the center of a bipyramid when N = 6. The successively added He atoms remain outside this structure at larger distances from the impurity. An example of this configuration once the bipyramid is formed is seen in Fig. 3 for N = 8, for which the two last He atoms sit independently of the central structure of six atoms around the He * − impurity.
Values of the energies for these He N -He * − clusters, with N ranging from 1 to 32, are presented in Table III . The effect of this preference to form the above mentioned bipyramid as stable configuration is observed in the trend of the corresponding energies as the He atoms are added. Thus, the variation of the E EA energies with each atom is certainly well marked when there are still not enough He atoms to form the bipyramid, with differences between consecutive He N -He * − and He N +1 -He * − clusters that range between ∼17 000 cm −1 for N = 1 and ∼6300 cm −1 for N = 5. However, once the helium solvating cage is formed, the increase of the total energy with the inclusion of new He atoms reduces significantly: The energies of He 6 -He * − and He 7 -He * − differ only ∼4 cm −1 . The EA explores the absolute minima of the PES and, in fact, the value of the energies for the smallest clusters is roughly equivalent to N times the He-He * − potential minimum: 
He−Imp . Although this trend is quickly abandoned (as shown in Table III for N = 3 the deviation is ∼2000 cm
), the formation of the bipyramid is directly related to this deep potential minimum in the helium-impurity interaction, a feature which the PIMC calculations confirm as we discuss below. For the largest clusters, once the vacancies surrounding the He * − dopant according to the V min He−Imp value are occupied, the accessible minima are only those corresponding to the He-He interaction and the more swallow minimum of the He-impurity potential around r He−Imp ∼ 7 Å (see Fig. 1) .
The values of the energies obtained by means of the PIMC at T = 0.4 K and the CMC version (M = 1) are also shown in Table III . The E CMC energies are consistent with the previously analyzed E EA , displaying the same trend as the He atoms are added to the cluster and remaining slightly above the EA results as a consequence of the existing dependence on T in the Metropolis procedure to search for the potential energy minimum within the CMC method. The only discrepancies with the expected comparison between the E CMC and E EA values are found for N = 16 and N = 32, two cases in which the predictions obtained by means of the EA are possibly subject to more marked uncertainties due to the difficulties to explore a reliable absolute minimum for large clusters once the solvating bipyramid has already been formed.
The values between parentheses for the E PIMC in Table III correspond to the errors in the fitting procedure to a parabolic law to the M → ∞ case. The comparison with the results from the other two classical approaches reveals the contribution to the total energy of the zero energy effect. Energies for He 6 -He * − , He 7 -He * − , and He 8 -He * − are quite similar, thus suggesting some sort of saturation when N 6. Present results also indicate the preference of the He atoms to occupy interparticle distances which are driven by the minimum of the He-He potential outside the bipyramid structure. In fact, although the associated errors are clearly larger than the actual differences among these three E PIMC values, one might explain for instance the difference between the E PIMC for He 6 A detailed analysis of the geometry of the clusters has been performed by means of the corresponding density probability functions defined in Eqs. (6)- (8) . In particular, in Fig. 4 we show the radial distributions corresponding to the He-He and He-impurity distances for the He 6 -He * − cluster obtained with the PIMC method at T = 0.4 K. As already found with the previous calculations of EA, the He atoms are located at the vertexes of a squared-basis bipyramid as shown in the snapshot of the MC simulation in Fig. 4 . The maximum observed for the D N (r He−He ) distribution (see Eq. (6)) at r He−He ∼ 1.7 Å describes, on one hand, the He-He distances between atoms within the basis of this rigid structure and, on the other hand, the separation between any of those atoms and the upper/bottom vertices of the bipyramid. The other maximum, centered around r He−He ∼ 2.4 Å, corresponds in turn to the average distance between the He atoms located at the upper and bottom vertex and to the diagonal of the squared basis. Half a diagonal, ∼1.2 Å, is precisely the distance between the He atoms at the vertices of the square and the dopant He * − at the center of the bipyramid and also the distance r He−imp between the impurity and the upper and bottom He in the bipyramid. The maximum of the D N (r He−imp ) probability density distribution (see Eq. (7)) is located at such a value of r He−imp , which on the other hand is not far from ∼1.07 Å, the distance for the minimum in the He-impurity potential as shown in Fig. 1 .
Further support for the existence of this rigid central geometry found for the six first He atoms surrounding the dopant He * − is given by the angular D N (cos γ) distribution (see Eq. (8)) for the He 6 -He * − system shown in Fig. 5 . Clear peaks at cos γ ∼ −1 and 0 testify to the occurrence of 180
• and 90
• , the only two possible values for the angle formed by the position vectors of each pair of He atoms in the structure shown in Fig. 4 . Signatures of such maxima are also clearly manifested in the corresponding angular distributions for larger He N -He * − systems. Fig. 5 , for example, shows D 32 (cos γ), the probability density for N = 32 in comparison with the distribution for N = 6. The presence of these two peaks in combination with a broad background population can be explained in terms of the existence of the bipyramid besides the surrounding He atoms. The almost negligible population at −1 cos γ −0.1, apart from the features due to the bipyramid, suggests that the dopant is not completely solvated but placed inside a broad dimple.
Snapshots taken from the MC simulation confirm this hypothesis. In Fig. 6 , the structure for the He 32 -He * − cluster in a PIMC calculation at T = 0.4 K with M = 100 shows the He * − impurity inside a six-He-atom cage and the surrounding helium environment formed by the remaining twenty-six solvating atoms. As suggested above from the EA results (see Fig. 1 ) for N = 8, the He atoms added to the system once the sites at the bipyramid are occupied, become located at one side of this central structure without covering it completely.
The mobility of the He atoms has to be necessarily different in the first shell formed by the closest bipyramid compared with those belonging to the more external helium cloud. The six He atoms in the vicinity of the He * − dopant occupy almost fixed positions in the vertices of the central more rigid solvating structure with no capability to move. The corresponding M beads associated to these central He atoms hardly change and in fact look like a unique bead during the entire simulation. atoms extend on the contrary over a much broader region. We have found that these external He atoms may participate in exchange movements according with the permutation Bose symmetry taken into account in the PIMC calculation for identical particles (see Eq. (3)). As shown in Fig. 7 for the case of the He 16 -He * − cluster, the remaining eight He atoms outside the bipyramid describe permutation cycles of different length. In particular, for the snapshot considered in this case, the closed polymers involve two (green), three (red), or five (blue) He atoms. Similar permutation movements have been seen for He 8 -He * − , but the occurrence of these exchanges is noticeably lower. The analysis in larger systems such as He 32 -He * − reveals that as expected the existence of long cycles becomes more probable when the size of the doped clusters increases.
B. He
As for the case of the atomic anion, PIMC simulations for the He clusters doped with the diatomic impurity He * − 2 also start from optimized configurations obtained after a combined application of the EA and CMC approaches outlined before. The energies of the He N -He * − 2 clusters with N = 6, 8, and 10 calculated with this approach are compared with the CMC and PIMC results in Table IV . The values predicted by the EA indicate that the total minimum of the PES is affected by the difference between the well depths of the He-He and He-He * − 2 potentials: ∼7.9 cm −1 and ∼2 cm −1 , respectively. The location of the He atoms within the pure helium droplet seems to respond primarily to the equilibrium distance of the V He-He potential. Thus, the E as ∼26 × V He−He (r min ). In all cases, the remaining He atoms maintain interparticle distances of ∼4.8 Å, which, for example, for the He 6 -He * − 2 cluster, is nearly describing a quadrangular bipyramid.
As observed for the He * − -doped clusters, the predictions obtained with the CMC are consistent with the EA results, with differences of about 5-8 cm −1 . The PIMC for the T = 0.4 K, on the contrary, yields to significantly weaker bound states for the three N = 6, 8, and 10 cases. The values in parentheses in the second column of Table IV correspond to the errors in the fitting of the PIMC energies to a quadratic law in terms of 1/M to extrapolate the value for M → ∞. The resulting E PIMC obtained for the He N -He * − 2 clusters can be compared with the corresponding energies for the pure He N droplets. Also included in Table IV, Table IV suggest that, despite differences not being large, the He droplets manage to bind the He * − 2 impurity in a stable configuration. The weak He-impurity interaction seems to be capable to guarantee binding energies between 0.5-0. K of Fig. 8 , the He droplets are found to be placed independently along the axis direction of the impurity. A stronger confirmation of this structure is obtained from the angular distributions for cos γ and cos θ (see Eqs. (8) and (9), respectively) where the information refers to the average behaviour, not to a specific instant of the MC simulation. Fig. 9 shows how both D 8 (cos γ) and D 8 (cos θ) for the doped cluster of N = 8 He atoms, peak close to 1. In the case of γ, values close to ≈0
• are indications of proximity between the He atoms, a consistent feature with the more external He droplets shown in Fig. 8 . In turn, θ ∼ 0 corresponds to the alignment of this helium cloud along the He * − 2 diatom axis, as expected from the minimum of the He-impurity interaction potential (see Fig. 2 ). This preference of the He atoms with respect to the dopant extends to the completely symmetric situation θ ∼ 180
• . Additional insight regarding the structure of the cluster is obtained via the radial probability density functions defined in Eqs. (6) and (7). In Fig. 10 , we show the corresponding D 8 (r He−He ) and D 8 (r He−Imp ) distributions together with the probability density for the distance between each He atom and the CM of the He droplet calculated in a similar way, for He 8 -He * − 2 at T = 0.4 K. According to the figure, the He atoms locate uniformly around the CM of the He N structure with a maximum peak which in fact is not far from the equilibrium distance of the V HeHe potential. This seems not to be the average distance found between He atoms as the maximum of D 8 (r He−He ) is located beyond ∼2.9 Å extending up to noticeably larger values (∼12 Å). The distribution for r He−Imp shows the preference of the impurity to be placed far from the He droplet. Interestingly, the D 8 (r He−Imp ) function exhibits a maximum at slightly larger distances than the average separation (between 9.5 and 12.5 Å) found by the EA in its search for the minimum energy configuration, thus suggesting that the PIMC calculation does not indicate any preference for the He-impurity distance to match the minimum according to the corresponding potential.
IV. DISCUSSION
As stated in Ref. 5 , the He * − -He system at the potential minimum (see Fig. 1 ) displays the structure of a He + 2 core and a diffuse electronic shell due to the two electrons occupying σ and π orbitals. The bonds between the impurity and the atoms participating in the bipyramid structure seem to be the result of the polarization suffered by the tightly bound electrons of the He atoms due to the presence of the He * − 2 system. This inner solvating cage would be then formed by an ensemble of He + cations sharing an electronic cloud. This "chemically bound molecular" configuration existing at the shorter distances shifts, however, to a "polarisation-bound complex" at larger distances beyond the potential barrier exhibited by the He * − -He potential around ∼2.5 Å. Additional He atoms feel a much weaker potential due to the screening induced by the presence of the inner core of six atoms surrounding the impurity and move further out sampling the shallower local potential minimum located at ∼7-8 Å.
The formation of a stable and rigid helium cage around the atomic anion is consistent with the previously suggested heliophilic character for He * − . 2 One would have perhaps expected for it however a much clearer tendency to be completely solvated by the helium droplet in accord with the large mobility inside the cluster reported in previous studies. Present results indicate on the contrary that the dopant, once surrounded by the six-He-atom structure of a bipyramid, remains in a dimple formed in the outside of the largest calculated helium droplet. The explanation for this apparent separation between this rigid structure and the remaining He atoms can be found in the nature of the He-He * − interaction. The solvating He atoms tend in general to establish a more stable interaction with the He fixed in the vertices of this bipyramid at ∼2.8 Å, the He-He equilibrium distance according to the V He−He potential. However, that would mean to be located at ∼4.5 Å from the He * − dopant in the center of the first-solvation-shell cage, a position which is prevented by the presence of the pronounced barrier at ∼5 Å (see Fig. 1 ). Despite this safety distance which blocks the approach of He atoms more closely to the dopant, it is possible to also surmise that a larger number of He atoms could lead to the formation of a bubble-like structure around the He 6 -He * − inner core. In this sense, it is worth recalling situations where an almost complete solvation around the dopant has been observed with a similar number of He atoms. Thus, for example, the SF 6 molecule was found to be surrounded in all directions by only 23 He atoms 28 and, for He N -Ca clusters, 12 N = 40 He atoms suffice to surround almost completely the Ca atom once a strong enough He-impurity interaction potential was employed. For the present case, the V He−Imp potential, much more stronger than those considered by Rodríguez-Cantano et al. in Ref. 12 , is responsible for the tight central geometry of a core formed by six He atoms which in fact screen the interaction with the rest of surrounding atoms thus preventing a complete solvation.
Previous studies on doped He clusters treated the analysis of the PIMC permutation cycles generated when the Bose symmetry of identical particles is properly taken into account to identify possible superfluid features of the system. In particular, the participation in exchange rings of certain length involving several He atoms has been employed to determine qualitatively the extent of the superfluid character. 29 Comparative investigations at T = 1.25 K and T = 0.625 K of the He 29 -SF 6 cluster revealed that exchange effects were relevant at the lower temperature, whereas at T = 1.25 K long paths involving several permuting He atoms were not observed. 17 Analogously, the length of the exchange permutation paths was found to increase with the number of He atoms surrounding the SF 6 impurity. Thus, in their investigation on He N SF 6 molecules at T = 0.625 K, Kwon et al. 28 obtained lengths for the permutation paths of up to seven exchanged He atoms for N = 23, a maximum number which increased up to 59 in the case of N = 128. In this sense, the case of He N -He * − here investigated presents some similarities regarding the existence of relatively long permutation PIMC paths both at low temperatures and when the number of solvating He atoms is increased.
The potential depth of the He-He * − 2 interaction is slightly smaller than those existing in other doped He clusters such as He N -Rb 2 30,31 and He N -Cs 2 . 13, 32 However, the main difference with these other two cases lies in the location of the minimum of the potential: whereas for the interaction with both Rb 2 and Cs 2 , the He atoms find the most stable configuration at the T-shaped direction, θ ∼ 90
• , for the molecular anion He * − 2 , the potential minimum of the He-impurity interaction is along the diatom axis, θ ∼ 0
• . For clusters formed with stronger interactions, such as HeBr 2 , 33 it is possible to find the contribution from both the T-shaped and linear He-impurity configurations. In addition, this preference for the linear direction observed in the He-He * − 2 potential is accompanied by the absence of any appreciable well at any other angular configuration (see Fig. 2 ). The PES for the He-Rb 2 and He-Cs 2 interaction, on the
